Respiratory syncytial virus (RSV) infects epithelial cells of the respiratory tract and is a major cause of bronchiolitis and pneumonia in children and the elderly. The virus assembles and buds through the plasma membrane, forming elongated membrane filaments, but details of how this happens remain obscure. Oligomerization of the matrix protein (M) is a key step in the process of assembly and infectious virus production. In addition, it was suggested to affect the conformation of the fusion protein, the major current target for RSV antivirals, in the mature virus. The structure and assembly of M are thus key parameters in the RSV antiviral development strategy. The structure of RSV M was previously published as a monomer. Other paramyxovirus M proteins have been shown to dimerize, and biochemical data suggest that RSV M also dimerizes. Here, using size exclusion chromatography-multiangle laser light scattering, we show that the protein is dimeric in solution. We also crystallized M in two crystal forms and show that it assembles into equivalent dimers in both lattices. Dimerization interface mutations destabilize the M dimer in vitro. To assess the biological relevance of dimerization, we used confocal imaging to show that dimerization interface mutants of M fail to assemble into viral filaments on the plasma membrane. Additionally, budding and release of virus-like particles are prevented in M mutants that fail to form filaments. Importantly, we show that M is biologically active as a dimer and that the switch from M dimers to higher-order oligomers triggers viral filament assembly and virus production.
H
uman respiratory syncytial virus (RSV), an enveloped, nonsegmented negative-strand RNA paramyxovirus, is the major worldwide cause of bronchiolitis and pneumonia in infants and of morbidity and mortality in the elderly. Despite the large global impact of RSV infection, no specific antivirals or licensed vaccine is yet available (1, 2) . Designing new antivirals requires detailed molecular and structural understanding of key steps in RSV replication.
RSV encodes 11 proteins, with the 3 glycoproteins, the fusion protein (F), glycoprotein (G), and small hydrophobic protein (SH), being present in the viral envelope. The virion itself contains an internal ribonucleoprotein (RNP) complex comprising the negative-sense genome encapsidated within the nucleoprotein (N), the phosphoprotein (P), and large (L) RNA-directed RNA polymerase. Viral proteins N, P, L, matrix protein (M) 2-1 (M2-1), and M were shown to localize to cytoplasmic inclusion bodies (IBs) of various sizes (3) (4) (5) (6) (7) . On the basis of localization of viral RNA and RNP proteins into small IBs, it is assumed that these are sites of viral transcription and replication (8) , whereas big IBs were shown to contain only small amounts of viral RNA and were suggested to antagonize the innate immune response (9) . RSV assembles and buds through the plasma membrane, forming elongated membrane filaments (10) . The minimal RSV protein requirement for filament formation and budding of virus-like particles (VLPs) is F, N, P, and M (11, 12) . M, a key structural protein, directs assembly and budding on the plasma membrane, presumably by interacting with the cytoplasmic tails of the glycoproteins and with the RNP complex in the cytoplasm (7, (13) (14) (15) . At the start of RSV assembly, M localizes into viral IBs (5, 16) . It is thought that M triggers viral filament formation by interacting with F (17) . At the final budding step, M is crucial for viral filament maturation and elongation (15) . An intact M layer is also thought to be critical for the infectivity of the virus particle. It was suggested that the M layer interacts with the F cytoplasmic tail when F is in its prefusion conformation. This interaction is lost upon triggering of F, resulting in M lattice disassembly and gradual transition to a spherical noninfectious virus particle (18) .
Higher-order assembly is an important aspect of M function through formation of a two-dimensional lattice, but the structural and mechanistic details of the process are not fully understood. M has previously been shown to form ordered oligomers in vitro when incubated with specific sets of lipids (19) . We have previously shown that the role of RSV M in virus assembly/release is strongly dependent on the threonine 205 (Thr 205) residue. This threonine is located within a consensus site for casein kinase 2, which appears to play a key regulatory role in modulation of M oligomerization and the association with virus filaments (20) , probably defining filamentous morphology (18) . However, it is not clear what the biologically relevant assembly unit of M is. RSV belongs to the order Mononegavirales. Crystal structures have been solved for a number of M proteins from the Mononegavirales (21) (22) (23) (24) , all of which form dimers. Although the monomeric unit of RSV M protein is structurally closely related to that of other paramyxovirus M proteins that exist as dimers, M was crystallized as a monomer (24, 25) , which sparked a debate in the field whether RSV M may use a different mechanism for its oligomerization.
In this study, we show that RSV M forms dimers in solution and in crystals. We characterized the dimerization interface from the crystal structure and used dimerization interface mutants to show that dimeric M is the biologically relevant assembly unit required for viral filament formation and particle release.
MATERIALS AND METHODS
M protein expression and purification. Wild-type (WT) M and mutant derivatives were expressed as His 6 fusion proteins in a modified pCDFDuet1 vector (20) in Escherichia coli Rosetta 2. Cells were grown from fresh starter cultures in 0.25 liter of 6ϫ Luria-Bertani broth for 5 h at 30°C, followed by induction with 0.4 mM isopropylthio-␤-galactoside (IPTG) for 4 h at 25°C. All following procedures were done on ice or at 4°C. Cells were lysed by sonication (4 times for 20 s each time) and lysozyme (1 mg/ml; Sigma) in 50 mM NaH 2 PO 4 -Na 2 HPO 4 , 300 mM NaCl, pH 7.4, plus protease inhibitors (Roche Diagnostics), RNase (12 g/ml, Sigma), and 0.25% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}. Lysates were clarified by centrifugation (23,425 ϫ g, 30 min, 4°C), and the soluble His 6 -M protein was purified on an Ni-nitrilotriacetic acid column (His Trap HP; Qiagen). The bound protein was washed extensively with loading buffer plus 20 mM imidazole and eluted with a 20 to 250 mM imidazole gradient. The eluted protein was incubated with 3C protease (20 g per 1 mg M) in the presence of 1 mM dithiothreitol (DTT) overnight at 4°C to remove the His 6 tag. The processed protein was diluted 5 times to reduce the DTT concentration and applied to HISSelect HF nickel affinity beads (Sigma) to separate it from the 3C protease and uncleaved protein. Untagged M was concentrated to 2 ml using Vivaspin 20 columns (Sartorius Stedim Biotech) and purified on a HiLoad 10/600 Superdex S200 column (GE Healthcare) in 50 mM NaH 2 PO 4 -Na 2 HPO 4 , 300 mM NaCl, pH 7.4. The M peak was concentrated to 9 mg/ml using Vivaspin 4 columns and subjected to crystallization or to size exclusion chromatography (SEC)-multiangle laser light scattering (MALS).
In vitro dimerization experiments. SEC was combined with online detection by MALS and refractometry to determine the absolute molecular mass of M protein mutants independently of dimensions and shape. SEC was performed with a Tricorn Superdex 75 10/30 column (GE Healthcare) equilibrated overnight with 50 mM NaH 2 PO 4 -Na 2 HPO 4 , 300 mM NaCl, pH 7.4. M was purified as described above for the crystallization experiments and concentrated to 9 mg/ml. Separations were performed at 20°C at a flow rate of 0.4 ml/min. MALS detection was performed with a miniDAWN Treos detector (Wyatt Technology) using a laser emitting at 657.3 nm. The refractive index of the solution was measured with an Optilab T-rEX detector (Wyatt Technology), with the refractive index increment (dn/dc) being set to 0.185 ml/g. Weight-averaged molar masses were calculated with ASTRA software (Wyatt Technology).
For dimerization assays on size exclusion chromatography, M proteins were expressed and lysed as described above; the soluble His 6 -M protein was purified using HIS-Select HF nickel affinity beads (Sigma) and eluted with 250 mM imidazole. Protein-containing fractions were collected, and the protein was concentrated up to ϳ3 mg/ml using Vivaspin 4 columns (Sartorius Stedim Biotech) and analyzed by size exclusion chromatography (Superdex-200 10/300 GL; GE Healthcare) in 50 mM NaH 2 PO 4 -Na 2 HPO 4 , 300 mM NaCl, pH 7.4, 1 day later.
Crystallization and structure determination. M was crystallized by vapor diffusion at 20°C. Two crystal forms (CFs) appeared overnight. Crystal form 1 (CF 1) grew in 10% (wt/vol) polyethylene glycol 8000; 20% (vol/vol) ethylene glycol; 0.02 M (each) sodium formate, ammonium acetate, trisodium citrate, and sodium potassium tartrate; and 0.1 M MOPS (morpholinepropanesulfonic acid)-HEPES-Na (7.5). Crystal form 2 (CF 2) grew in 30% glycerol, 0.1 M MES (morpholineethanesulfonic acid; 6.5), and 1.8 M Am 2 SO 4 . Crystals were flash-frozen by dipping into liquid nitrogen without additional cryoprotection.
Two CF 1 data sets, a highly redundant data set for phasing and a high-resolution data set for refinement, were collected on a Rigaku MicroMax 007-HF X-ray generator. Data were processed in the HKL-3000 program. The structure was solved in the SHELX program (26) by single anomalous dispersion on the basis of the sulfur signal. CF 2 data were collected at beamline I24 of the Diamond Light Source and showed quick radiation damage. To obtain a full data set, the first five degrees of data from nine crystals were combined in the Blend program (27) after processing with the XDS package (28) . The structure was solved in the Phaser program (29) with a monomer of M, as solved previously (25) , as the search model (PDB accession no. 2VQP). Both structures were refined in the Refmac5 program (30) and the phenix.refine program (31) and rebuilt in the Coot program (32) until convergence. Crystallographic statistics are summarized in Table 1 . Interface analysis was performed on the Proteins, Interfaces, Structures, and Assemblies (PISA) server (33) . Molecular graphics figures were prepared with PyMOL (Schrödinger, LLC).
Cell culture and RSV preparation. HEp-2 (ATCC CCL-23) and Vero cells (provided by W. Barclay, Imperial College London) were maintained in Dulbecco modified Eagle medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Gibco), 1% L-glutamine, and 1% penicillinstreptomycin. Transfections were performed using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's specifications. Plaque-purified human RSV (A2 strain from ATCC) was cultured in Vero cells. In the case of cell-associated virus, the culture supernatant was removed when extensive cytopathic effects were observed, and the cells were resuspended in serum-free SPGA medium (218 mM sucrose, 7.1 mM K 2 HPO 4 , 4.9 mM sodium glutamate, 1% bovine serum albumin [BSA]), followed by centrifugation (1,300 ϫ g, 15 min, 4°C) and storage at Ϫ80°C. RSV titers were determined by an immune plaque assay in triplicate on HEp-2 cells (20) .
Virus and virus-like filament/particle formation. Overnight cultures of HEp-2 cells seeded at 4 ϫ 10 5 cells/well in 6-well plates (on a 16-mm micro-cover glass for immunostaining) were transfected with pcDNA3.1 codon-optimized plasmids (0.4 g each) carrying the RSV A2 WT or the mutant M protein along with pcDNA3.1 codon-optimized plasmids carrying RSV A2 N, P, and F (gifts from Marty Moore, Emory University, Atlanta, GA, USA) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. Cells were fixed at 24 h posttransfection, immunostained, and imaged as described below. For VLP formation, released VLPs were harvested from the supernatant; the supernatant was clarified of cell debris by centrifugation (1,300 ϫ g, 10 min, 4°C) and pelleted through a 20% sucrose cushion. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer. Cellular lysates and VLP pellets were dissolved in Laemmli buffer and subjected to Western analysis. For virus particle formation, HEp-2 cells were infected with RSV A2 at a multiplicity of infection (MOI) of 3, and cells and released virus were harvested at 24 h postinfection. Cells were lysed in RIPA buffer, and released virus was harvested from the supernatant as described above for VLPs and subjected to Western analysis.
Immunostaining and imaging. Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min, blocked with 3% BSA in 0.2% Triton X-100 -PBS for 10 min, and immunostained with monoclonal anti-M (1:200; a gift from Mariethe Ehnlund, Karolinska Institute, Sweden), monoclonal anti-N (1:300; Abcam), or monoclonal anti-F (1:500; Millipore) antibodies, followed by species-specific secondary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 568 (1: 1,000; Invitrogen). Images were obtained on a Zeiss 5 Pascal confocal laser scanning microscope (LSM) using a 63ϫ (numerical aperture, 1.4) PlanApochromat oil lens (averaging 4 determinations). Images were acquired using Zeiss LSM Image Browser software (v4.2.0.121; Zeiss).
SDS-PAGE and Western analysis. Protein samples were separated by electrophoresis on 12% polyacrylamide gels in Tris-glycine buffer. All samples were boiled for 3 min prior to electrophoresis. Proteins were then transferred onto a polyvinylidene difluoride membrane (Roche Diagnostics). The blots were blocked with 5% nonfat milk in Tris-buffered saline (pH 7.4), followed by incubation with polyclonal anti-RSV (1:1,000; Abcam) and horseradish peroxidase (HRP)-conjugated donkey antigoat (1: 5,000, Santa Cruz Biotechnology) antibodies. Western blots were developed using freshly prepared chemiluminescent substrate (100 mM TrisHCl, pH 8.8, 1.25 mM luminol, 0.2 mM p-coumaric acid, 0.05% H 2 O 2 ) and exposed to Fuji autoradiography films.
Protein structure accession numbers. The protein structures of native CF 1 and CF 2 have been deposited in the Protein Data Bank (PDB) under accession numbers 4V23 and 4D4T, respectively.
RESULTS

RSV M dimerizes similarly to other paramyxovirus M proteins.
Controversy in the literature regarding the oligomeric state of M arose from a crystal structure reporting that it is a monomer (25) . More recently, analytical size exclusion chromatography showed M to be dimeric (20) . To resolve this, we first purified recombinant M protein by modifying the previously published protocol. We repeated the size exclusion experiments but analyzed eluting protein by multiangle light scattering (SEC-MALS) to determine the absolute molecular mass of M protein independently of dimensions and shape. M eluted in one peak with a calculated molecular mass of 60.0 kDa, which corresponds to a dimer (Fig. 1A) . We then crystallized M in two different crystal forms that diffracted to 1.7 and 1.9 Å, respectively. We solved the structure from crystal form 1 (CF 1) by single anomalous dispersion based on the sulfur signal and that from CF 2 by molecular replacement with the existing M monomeric structure (PDB accession no. 2VQP) (25) as a search model (Fig. 1B) . Crystallographic statistics are summarized in Table 1 .
Both structures are highly similar, with a root mean square (RMS) deviation (RMSD) of 0.9 Å between 235 C-␣ atoms. The main difference is a peripheral segment (residues 170 to 178 inclusive) which forms a short helix in CF 1 but is disordered in CF 2. In either CF, the asymmetric unit contains 1 molecule of M. However, interface analysis suggests that the likely stable assembly is a dimer in either case (Table 2) , which is consistent not only with our chromatography results but also with crystal structures of homologous M proteins. The RSV M dimerization interface is the same as that observed in the dimeric M structures from Newcastle disease virus (NDV) (23) and human metapneumovirus (hMPV) (24) , and dimeric RSV M can be superposed onto the homologous M dimers with matching quaternary structure (Fig. 1C) .
In light of our biochemical analysis (20) and the fact that we crystallized M as a dimer, we reanalyzed the previously published structure of RSV M (25) , which was reported to be monomeric. This older structure is similar to both structures reported here. Its CF corresponds to our CF 1 (Fig. 1B) , and the old structure and our CF 1 structure superpose with an RMSD of 0.4 Å over 234 C-␣ atoms. Application of crystal symmetry to the old structure creates a dimer similar to the one observed in our structures and in other paramyxovirus M proteins. The previously suggested hypothesis that RSV M crystallized as a monomer because it is missing residues at the C terminus that, in NDV, form a helix involved in mediating monomer-to-monomer contacts (23) is thus incorrect. Clearly, similar to other published paramyxovirus M proteins, RSV M crystallizes as a dimer, suggesting that the biologically relevant assembly unit of RSV M is dimeric.
Ion binding sites in Paramyxovirinae M proteins. In both our CFs, we observed a potassium ion at the interface between the N-terminal domain (NTD) and the C-terminal domain (CTD), near the dimerization interface. This ion is coordinated by 6 carbonyl oxygens (Asn 93, Val 94, Leu 96, Leu 230, Glu 231, and Glu 233) and 1 water molecule and was identified unambiguously by its strong anomalous signal in data collected at 1.54 Å ( Fig. 2A) and by its coordination geometry. The ion is absent from the earlier structure, where an equivalent density was modeled as a water molecule.
The recently published structure of hMPV M reported that a calcium ion is part of the dimeric structure and showed that it is important for M stability (24) . However, comparison of the Ca 2ϩ -binding site in hMPV with corresponding regions in CF 1 and CF 2 showed clear differences (Fig. 2B) . The site is much more open in RSV M, and its geometry is incompatible with Ca binding. In RSV M, Asp 26 points away from the site instead of into it, and the distance between the two loops forming the site is larger. The distance between the proximal carboxylic oxygen of Asp 26 and the main-chain nitrogen of residue 103 is 5.5 Å in hMPV and 8.8 Å and 8.6 Å in RSV M proteins of CF 1 and CF 2, respectively. Dimerization interface of RSV M. The dimerization interface observed in RSV M crystals, shown in Fig. 3A , comprises (sequentially numbered) loop L1 (residues 63 to 68), helix H2 and the loop immediately following it (residues 92 to 105), helix H3 (residues 129 to 134), sheet S4 (residues 144 and 163), and loop L5 (residues 225 to 235). All residues involved in dimerization are listed in Table 2 . The interface is large, burying a total of 2,660 Å 2 in CF 1 and 3,830 Å 2 in CF 2. In the region around the symmetry axis, the residues involved in the dimerization interface are polar or charged, e.g., Asn 93 and Glu 231 (Fig. 3A, interface 1) . Distal from the symmetry axis of the dimerization interface, the CTD of one protomer contacts the NTD of the other protomer. Contacts at this interface are largely hydrophobic, but residues Ser 63 and Tyr 229 are part of a hydrogen-bonding network (Fig. 3A, interface 2) .
The two structures determined here have the same quaternary structure, but the details of dimerization vary. The dimer seen in CF 2 is narrower than that seen in CF 1, and the central portion is much more compact (Fig. 1B) . Both dimers can be superimposed with an RMSD of 2.2 Å over equivalent C-␣ atoms. In contrast, the dimer assembled from the previously determined RSV M crystal structure superposes onto the CF 1 dimer with an RMSD of 0.4 Å. However, when only one chain is considered, the RMS difference is reduced to 0.9 Å for the CF 1-CF 2 pair, which indicates that the relative orientation of the protomers in the dimer differs between CF 1 and CF 2. Superposition of the one set of protomers in the dimers makes this difference visible (Fig. 3B) . The nonsuperposed CF 2 protomer appears to be rotated by nearly 20°with respect to its CF 1 counterpart.
Mutations in the dimerization interface affect M oligomerization. To understand the significance of dimerization of M protein for the life cycle of RSV, we designed a set of mutations to destabilize the dimer interface. Because of the size of the dimerization interface and its ambiguous character, we not only mutated residues to alanine but also introduced large charged residues, predicted to be the most disruptive. We chose Ser 63, Asn 93, Tyr 229, and Glu 231 as targets (Fig. 3A) , with Lys 50 on the opposite of the dimerization interface serving as a negative control.
To compare the ability of WT and mutant M proteins to form dimers/higher-order oligomers in solution, recombinant RSV M WT, K50A, S63A, S63E, N93A, N93E, Y229A, and E231A proteins were expressed in bacteria and purified by nickel affinity chromatography under conditions similar to those used for RSV M crystallization. After concentration to 3 mg/ml, incubation for 24 h at 4°C, and centrifugation to pellet aggregated protein, the extent of oligomerization was analyzed by assessing the distribution of M protein between the insoluble and soluble fractions. As seen in Fig.  4A , all proteins were observed in both fractions. The pellet contained insoluble protein, presumably largely comprising higherorder oligomers which tend to aggregate in the absence of stabilizing lipids (19) , and the supernatant contained soluble protein.
While WT M and the K50A, E231A, and N93E mutants were nearly equally distributed between the pellet (50 to 60%) and supernatant (40 to 50%) fractions, the S63A, N93A, and Y229A mutants were found enriched in the supernatant fraction, suggesting decreased oligomerization. The percentage of each protein found in the pellet and supernatant fractions is shown in Fig. 4A , and data represent the means. The S63E mutant M protein could not be concentrated to comparable levels and was found predominantly in the pellet fraction, suggesting increased aggregation (data not shown). As this mutant could not be concentrated to more than to 0.5 mg/ml, we could not perform analysis of the secondary structure by circular dichroism.
Next, the oligomerization state of the protein in the soluble fraction was analyzed by analytical size exclusion chromatography (Fig. 4B) . WT M (molecular mass of the monomer, 29 kDa) and the K50A and E231A mutants all eluted as single dimeric species (Fig. 4B, top) with an estimated molecular mass of 65 kDa (Fig.  4C) . The S63A and Y229A mutants, which appeared to be more soluble than WT M (Fig. 4A) , also eluted as dimers. This suggests that the S63A and Y229A mutations do not prevent dimerization but influence the higher-order oligomerization of M. The N93A and N93E mutants eluted as intermediate species in addition to a dimer, implying that mutation of Asn 93 results in an assembly defect (Fig. 4B, middle) . The S63E mutant showed the most severe defect, with the S63E mutation resulting in reduced protein levels in the soluble fraction when concentrated (data not shown). We thus performed the same analysis but used a protein concentration of only 0.5 mg/ml. The S63E mutant eluted as three species were purified using nickel affinity chromatography. Proteins were concentrated to 3 mg/ml, incubated for 24 h at 4°C, and pelleted to separate higher-order oligomers in the pellet (P) fraction from the supernatant (S) fraction. Band intensity, representing the protein distribution in the pellet (black) and supernatant (gray) fractions, was calculated with ImageJ software. Data represents the means Ϯ SDs (n ϭ 2). (B) Analytical size exclusion chromatography was performed on the soluble fraction of the WT, K50A, S63A, S63E, N93A, N93E, Y229A, and E231A M proteins. (Top) M proteins showing an elution pattern similar to that of WT M; (middle) WT, N93A and N93E M proteins; (bottom) results of a separate analytical size exclusion chromatography experiment performed on WT M and S63E mutant M concentrated to 0.5 mg/ml. mAU, milli-absorbance units. (C) Molecular masses were estimated by comparing the gel-phase distribution coefficient (K av ) of the M protein peaks with the values obtained for known calibration standards (GE Healthcare). The estimated molecular mass of M peaks was determined by fitting to the calibration curve (plot of K av versus log M r ); volumes of elution (V e s) of 16.5 ml (estimated molecular mass, 32 kDa), 15 ml (estimated molecular mass, 65 kDa), and 13.7 ml (estimated molecular mass, 133 kDa) are indicated by arrows.
corresponding to monomeric, dimeric, and higher-molecularmass intermediate forms (Fig. 4B, bottom) . In summary, M dimerization interface mutations S63A, S63E, N93A, N93E, and Y229A all resulted in unstable dimers and/or oligomerization defects compared to the stability and oligomerization capacity of WT M.
M dimerization interface mutants cannot form virus-like filaments. To assess the biological relevance of dimerization, we analyzed M mutants in cells. Our hypothesis was that M mutants that fail to form stable dimers will not form higher-order oligomeric structures at the sites of budding and as a result will fail to produce virus-like filaments. RSV VLPs can be generated independently of viral infection by transfecting cells with plasmids encoding the RSV M, N, P, and F proteins (12, 20) . We used this transfection-based assay to study M dimerization interface mutants. HEp-2 cells were transfected to express WT F, N, P, and various M constructs, and the intracellular localization of RSV proteins and the formation of RSV virus-like filaments were determined by confocal imaging after staining with monoclonal anti-M, anti-N, or anti-F antibodies (Fig. 5) .
In the presence of F, N, P, and WT M, the formation of viruslike filaments was detected by staining for M (Fig. 5A , left, row 1, positive control). No filaments were formed at 24 h after transfection in the absence of M (Fig. 5A , left, row 2, negative control), in agreement with previous reports (12, 15) . M containing the K50A mutation, not located at the dimerization interface, formed viruslike filaments similar to those formed by the WT (Fig. 5A, left, row  3) . One of the dimer interface mutants (E231A) showed filament formation that appeared to be slightly more robust than that of WT (row 8). In contrast, each of the S63A, N93A, and Y229A mutations in M prevented virus-like filament formation (Fig. 5A , left, rows 4, 6, and 7, respectively) to various extents. In cells cotransfected with the S63A, N93A, or Y229A mutant, M formed small protrusions coincident with the plasma membrane, and these were especially evident in cells expressing the Y229A M mutant. The S63E mutant showed the most severe phenotype (Fig.  5A , left, row 5), consistent with oligomerization defects in vitro (Fig. 4) ; M protein localized into big IBs and the nucleus.
Additionally, transfected cells were stained with monoclonal anti-N antibody (Fig. 5A, middle) . In the presence of F, N, P, and WT M, virus-like filaments were formed, and N was detected in IBs and on virus-like filaments (Fig. 5A, middle, row 1) . No filaments were formed at 24 h after transfection in the absence of M, and N was detected in cytoplasmic IBs only (Fig. 5A, middle, row  2) . M containing the K50A or the E231A mutation formed viruslike filaments (Fig. 5A, middle, rows 3 and 8, respectively) and N localized to cytoplasmic IBs and to virus-like filaments. In contrast, in cells expressing M with the S63A, S63E, N93A, or Y229A mutation, N localized into cytoplasmic IBs only (Fig. 5A , middle, rows 4 to 7, respectively). In summary, all M dimerization interface mutations except the E231A mutation prevented virus-like filament formation.
Staining with monoclonal anti-F antibody (Fig. 5A, right) confirmed these results. In the presence of F, N, P, and WT M, viruslike filaments were formed (Fig. 5A, right, row 1) . No filaments were formed at 24 h after transfection in the absence of M (Fig. 5A,  right, row 2) . M containing the K50A or the E231A mutation formed virus-like filaments similar to those formed by WT M (Fig.  5A, right, rows 3 and 8, respectively) . In contrast, the S63A, S63E, N93A, and Y229A M mutations all prevented virus-like filament formation (Fig. 5A, right, rows 4 to 7, respectively) . In summary, all M dimerization interface mutations except the E231A mutation prevented virus-like filament formation. The E231A M mutant appeared to form more robust virus-like filaments than WT M, as it was stained with anti-M antibody, and the S63E M mutant showed the most severe phenotype, being localized into the IBs and the nucleus.
To analyze the robustness of the phenotypes, the percentage of virus-like filament-forming cells was calculated for cells expressing each of the M constructs (Fig. 5B) . Clearly, only cells expressing WT, K50A, or E231A M formed virus-like filaments. Staining with anti-M antibody showed filaments in 66% and 47% of the cells for WT and K50A mutant M, respectively, and up to 88% for E231A mutant M. Staining with anti-N or anti-F antibody showed up to 50% and 61% virus-like filament-forming cells, respectively, with the levels being comparable for WT, K50A, and E231A M constructs. Virus-like filaments could not be detected on cells expressing S63A, S63E, N93A, or Y229A M.
M dimerization interface mutations abolish VLP release. Next, we asked whether M dimerization interface mutations affect VLP release. HEp-2 cells were transfected to express WT F, N, P, and various M constructs; cell lysates (soluble fraction) and the VLPs released into the soluble fraction were analyzed by Western blotting using an anti-RSV antibody (Fig. 6A) . All M proteins except the S63E and N93E mutant proteins were expressed in cells at comparable levels (Fig. 6A, bottom) , demonstrating that most of the M dimerization interface mutations have no impact on M stability. The undetectable level of the S63E mutant possibly reflects the low level of stability of monomeric M (Fig. 4) and its localization into the nucleus and the IBs (Fig. 5A) , which are not soluble under the lysis conditions used. In the presence of F, N, P, and WT M, RSV VLPs were formed (Fig. 6A , top, lane 1, positive control), whereas no VLPs could be detected at 24 h posttransfection in the absence of M (Fig. 6A, top, lane 2, negative control) . Cells expressing the M K50A or E231A mutant released VLPs, with the M E231A mutation resulting in slightly increased VLP budding levels compared to those for WT M (Fig. 6A, top ; compare lane 9 to lane 1), consistent with more robust filament formation, as determined by staining with anti-M antibody (Fig. 5 ). In contrast, each M construct containing the S63A, S63E, N93A, N93E, or Y229A mutation prevented VLP release (Fig. 6A , top, lanes 4 to 8, respectively), consistent with a lack of virus-like filaments (Fig.  5) . The clear implication is that proper M dimerization and oligomerization are critical for viral budding and release.
Since staining of released VLPs formed in the presence of the E231A M mutant suggested a slightly different ratio of N, P, and M proteins, we determined whether the relative abundance of N, P, and M differs between VLPs and released virus. We infected HEp-2 cells with RSV A2 strain at an MOI of 3 and analyzed both cell-associated and supernatant (released) virus by Western blotting using the polyclonal anti-RSV antibody (Fig. 6B) . Staining of the infected cell lysate (Fig. 6B, left) detected the G, N, P, M, and, presumably (on the basis of the protein size), M2-1 proteins (20, 34) . In both the infected cell lysate and the released virus fraction, G and N were the main proteins detected with the polyclonal anti-RSV antibody, while P and M protein levels were lower. These were comparable to the N, P, and M levels in VLPs formed in the presence of WT or K50A mutant M but differed from those in VLPs formed in the presence of E231A mutant M, where higher levels of P were detected (Fig. 6A) .
DISCUSSION
Viral filament formation and particle release are essential steps in the life cycle of RSV that require the assembly of a regular layer of M proteins. Here we show that RSV M forms dimers in solution and in crystals and that proper M dimerization and oligomerization are critical for viral budding and release. Mutations in the dimerization interface both disrupt the formation of virus-like filaments on the surface of transfected cells and abolish the release of VLPs.
Our two crystal structures show that RSV M assembles into dimers much like the M proteins of other paramyxoviruses. The previously solved crystal structure of RSV M was reported to be a monomer, but interface analysis highlights the true dimerization interface to be the strongest in the crystal. It was probably missed in the earlier analysis because it is less extensive than the interfaces in our structures (Table 2 ) and the interactions do not meet the criteria for a stable quaternary structure. While most identified interface residues are shared among the old structure and our structures, residue Arg 99 was not modeled in the earlier structure and residue Ser 100 was missing atoms. We suspect that the absence of this structural information from the dimerization interface and the attendant reduction in the calculated solvation free energy gain thwarted the recognition of the dimeric nature of the old M structure.
The significance of the potassium ion identified in both of our structures is unclear, but it is unlikely to be an artifact, as the protein was purified in the absence of potassium and one of the crystallization conditions (those for CF 2) did not contain potassium. The recently published structure of hMPV M reported that a calcium ion is part of the dimeric structure and showed that it is important for M stability (24) . Our detailed analysis of the potential binding site of Ca 2ϩ in RSV M, based on similarity to hMPV M, ruled out the presence of ordered Ca 2ϩ in both RSV M CFs, but it is possible that in the presence of high concentrations of Ca 2ϩ , the site is rearranged in RSV to become competent for Ca 2ϩ binding. Regulation of RSV function by calcium might thus function through M, as has been proposed for hMPV (24) . Indeed, a negative effect of calcium depletion on RSV replication has been reported in the past (35) . On the other hand, as the potassium ion found in our RSV M structures is located near the dimerization interface and at the interface between the NTD and the CTD, it is tempting to speculate that it has a function similar to that of calcium, but experimental evidence for this is currently lacking.
It is known that the contacts and, thus, the relative angles between dimeric matrix proteins determine the curvature of the matrix protein layer that forms underneath the cell membrane during budding (23) . Our two crystal structures show that the dimerization interface itself also shows plasticity. The slightly different opening angle of the dimers, if borne out in vivo, would result in different degrees of curvature in the assembled virus and help explain the structural heterogeneity observed in RSV virions (14, 18) . Atomic-resolution structural information is needed to propose a model of the fully assembled virion.
All of the mutants with dimerization interface mutations that we studied in this work exist as dimeric species under some conditions and to some degree, but they vary in their propensity to aggregate over time. The S63E mutant was largely insoluble, and the little that could be purified eluted as a mixture of molecular mass intermediates, dimers, and monomers. Most likely, the S63E mutant aggregates either because it is not folded properly or because severe disruption of the dimerization interface causes it to be monomeric and unstable. The N93A and N93E mutants eluted in two peaks, with the second one corresponding to the WT (dimeric). The first peak corresponds to a molecular mass of 133 kDa, which suggests a tetramer, possibly the result of abortive oligomerization due to unstable dimers caused by the N93 mutation. Although both N93 M mutants formed intermediate species as soluble proteins, the M distribution between the pellet and supernatant fractions differed, and the N93A mutant formed lower levels of higher-order oligomers than the N93E mutant, as was reflected in the enriched pellet fraction of the recombinant M N93E mutant. Based on the lower expression levels in transfected cells, we can speculate that N93E mutant aggregates which are not extracted under the conditions used are also formed in the cell.
We have found no evidence for the existence of stable monomeric M, and it is not clear whether it has any biological function in the infected cell at all. However, we cannot exclude the possibility that RSV M exists as a monomer at early stages of infection, when M is found in the nucleus and in IBs before the assembly process starts. The M S63E mutant as a recombinant protein formed monomers and localized to the IBs and the nucleus in transfected cells. RSV M protein was previously reported to contain two nuclear export signals (NESs), nNES (amino acids 47 to 60) and cNES (amino acids 194 to 206), with cNES being the key signal for nuclear export (36) . However, our structural analysis shows that S63 does not directly affect either of the two NES domains. Additional experiments are required to determine whether M dimerization affects NES accessibility and regulates nuclear 9) . At 48 h posttransfection, VLPs (top) were isolated from the supernatant by centrifugation (1,300 ϫ g, 10 min, 4°C) to get rid of cell debris and pelleting of the clean supernatant through a sucrose cushion. Cell lysates (bottom) were generated using RIPA buffer. VLPs and cell lysates were then subjected to Western analysis using anti-RSV polyclonal antibody. The detected proteins are indicated to the right of the blot. (B) HEp-2 cells were infected without (mock) or with the RSV A2 strain at an MOI of 3. At 24 h postinfection, virus (right) was isolated from the supernatant (SN) after centrifugation (1,300 ϫ g, 10 min, 4°C) to remove cell debris and pelleted through a sucrose cushion. Cell lysates (left) were generated using RIPA buffer. Virus and cell lysates were then subjected to Western analysis using anti-RSV polyclonal antibody. The detected proteins are indicated to the right of the blot.
trafficking. M was shown to be phosphorylated (34) , and our earlier studies reported phosphorylation on Thr 205 by the host casein kinase 2 to be critical for RSV M assembly into higher-order oligomers (20) . Future studies are required to show whether there is a switch between monomeric and dimeric M and whether phosphorylation regulates this process.
The M E231A mutant as a recombinant protein showed enrichment in the pellet fraction; robust virus-like filament formation, as determined by staining with anti-M antibody; and altered ratios of RSV proteins in VLPs released from transfected cells. Being part of the dimerization interface, the E231 residue could presumably have a positive effect on the dimerization of M and result in more stable dimers, leading to increased M oligomerization, virus-like filament formation, and VLP budding. Future analyses of recombinant RSV containing the M E231A mutation will determine whether this also affects virus release and/or infectivity.
All dimerization interface mutants except the E231A mutant showed differences in M cellular localization and defects in filament formation, but some degree of filament formation in the cell was observed with some mutants (e.g., the Y229A mutant). As M is required for recruiting glycoproteins into the virus (37), we speculate that the failure to extend these filaments is caused by a lack of interaction with other viral proteins, such as F. The C-terminal tail of F (FCT) is necessary for RSV filament formation and budding (12) . While direct binding between M and FCT has not been shown, possibly because the interaction is weak and transient in the absence of a lipid membrane or because it requires additional viral and/or cellular factors, an interaction between M and FCT was demonstrated by cellular colocalization and functional studies (17) . Therefore, it is possible that some M mutants, while still forming dimers, are unable to bind F and that, conversely, F interacts with and possibly disrupts the dimerization interface of M during budding.
In conclusion, we have shown here using structural, biochemical, and functional analyses that the biologically relevant assembly unit of RSV M is dimeric. This brings RSV in line with other paramyxoviruses, where the switch from M dimers to higher-order oligomers triggers virus filament assembly and virus production. The RSV assembly process is most likely driven by interaction of the four viral proteins M, F, N, and P with each other and possibly with additional cellular factors. This leads to the oligomerization of M and the formation of a curved two-dimensional lattice that is eventually located beneath the membrane and bridges the glycoproteins and the nucleocapsid of the virion. Currently, it is not clear whether some of the M dimerization interface mutants fail to trigger virus filament formation due to their inability to oligomerize or to bind FCT. Future studies are necessary to fully elucidate the specific viral and cellular protein network during RSV assembly, but it is clear that oligomerization of M is a key step in the process of assembly and infectious virus production. This clearer understanding of the mechanism that drives RSV budding should aid with the identification of new structure-based antivirals aimed at destabilizing essential protein-protein interactions.
